Introduction
Although it is generally assumed that many different species of animals live in groups in order to obtain greater benefits than by acting as isolated individuals (Crawford, 1941; Eisenberg and Miller, 1987; Raihani and Bshary, 2011; Decety and Svetlova, 2012) , the actual existence of true cooperation between them has been a controversial topic (Noë, 2005) . According to game theory, cooperation is considered when two or more individuals work together toward a common goal (Nash, 1950) , but other conditions should also be included, such as the type and timing of behaviors involved (Taborsky et al., 2016) and that the collected reward should be equally distributed and dependent on the partner's response (Hake and Vukelich, 1972) . Depending on the levels of cooperation, social behaviors have been classified (Boesch and Boesch, 1989) as similar (actions equal to those of the partner), coordinated (behaviors fitted to those of the partner), and collaborative (actions complementary to those of the partner).
Indeed, rats can perform empathically motivated responses to provide food to an inefficient partner (Rutte and Taborsky, 2007) or release a trapped congener from a restraining methacrylate tube (Ben-Ami Bartal et al., 2011) . Recently, it has been convincingly demonstrated that rats can provide food access to others in the absence of a direct self-benefit (Hernandez-Lallement et al., 2015; Márquez et al., 2015) .
Most of the above studies have been aimed at the analysis of the different behavioral strategies involved in cooperation, but until now, not so many studies have addressed the cortical mechanisms underlying these social behaviors and the internal drives for prosociability (Gourley and Taylor, 2016; Lee et al., 2016; Minami et al., 2017) . In particular, our aim was to determine if the medial prefrontal cortices (mPFCs) of two animals, that perform the same behavioral task to obtain a common reward, present similar or different activities. In this context, we use the term cooperation as we J o u r n a l P r e -p r o o f consider that the behaviors showed by the experimental animals are best explained by the definitions indicated above (Boesch and Boesch, 1989) .
The mPFC occupies the ventromedial region of the frontal lobe and constitutes one of the highest levels of cortical hierarchy involved in the execution of adaptive behaviors, decision-making tasks, and contact interactions in social mammals (Haroush and Willians, 2015; Lee et al., 2016; Carlén, 2017; Minami et al., 2017) . While lesions of the prelimbic (PrL) and infralimbic cortices modify anxiety-related behaviors (Jinks and McGregor, 1997) and increase active social interactions (Shah and Treit, 2003) in behaving rats, electrical stimulation of the same areas evokes freezing in rabbits (LealCampanario et al., 2007) and prevents the proper performance of instrumental learning tasks and vicarious learning in mice (Jurado-Parras et al., 2012) . Both PrL and infralimbic cortices have differential projections to the amygdalar complex and to the accumbens septi nucleus, two areas specifically related to negative and positive rewards (Vertes et al., 2004) . These differential projections explain in part their different functional capabilities about conditioned fear and social interactions (Vidal-Gonzalez et al., 2006; Minami et al., 2017) . Minami et al. (2017) have shown that approaching and contact behaviors in rats increased unitary firing in the PrL cortex, while leaving behaviors increased it in the infralimbic cortex. An enhanced multiunitary activity in the mPFC has been reported in mice when approaching an unfamiliar congener, but not when approaching an inanimate object (Lee et al., 2016) .
Previous studies have suggested the involvement of the rat's PrL cortex in social interactions (Gilbert and Beaton, 1967; Day-Wilson et al., 2006; Gourley and Taylor, 2016 ). Here we attempted the design of a valid paradigm for testing putative cooperation in behaving rats.
For this, pairs of male rats had to perform joint instrumental tasks while local field potentials (LFPs) in their PrL cortices were recorded. Rats were located in two adjacent Skinner boxes. The two boxes were separated by a metal grille that allowed visual, auditory, and vibrissae contacts between the caged rats. The two rats had to stay simultaneously onto a platform located inside their respective box to obtain a mutual reward. Our hypothesis was that two animals working together and doing the same task simultaneously to achieve a common goal would show similar brain activities in the PrL cortex at the exact moment of cooperation. Collected results indicated a high degree of coincidence in the spectral power of the recorded LFPs (mainly in the delta and theta bands) during cooperative behaviors, with considerable differences between rats leading J o u r n a l P r e -p r o o f vs. rats following the motor activities necessary to complete the required associative learning task.
Methods

Experimental subjects
Experiments were carried out with male Lister Hooded rats (3 months old, 250-300 g at the beginning of the experiments) provided by an authorized supplier (Charles River Laboratories, Barcelona, Spain). Upon their arrival at Pablo de Olavide Animal House (Seville, Spain), animals were housed in pairs in Plexiglas cages until the end of the experiments and were trained through all experimental phases with the same partner to facilitate cooperation behavior (Schuster et al., 1993; St-Pierre et al., 2009; Tsoory et al., 2012) . Rats were randomly paired and were kept on a 12-h light/dark cycle with constant ambient temperature (21.5 ± 1°C) and humidity (55 ± 8%). Unless otherwise indicated, animals had food and water available ad libitum. Electrophysiological and behavioral experiments were carried out in accordance with the guidelines of the European Union Council (2010/63/EU) and Spanish regulations (BOE 34/11370-421, 2013 ) for the use of laboratory animals in chronic experiments. Experiments were also approved by the local Ethics Committee (01/2011) of Pablo de Olavide University.
Surgery
Rats were anesthetized with 1-2.5% isoflurane delivered by a rat anesthesia mask (David Kopf Instruments, Tujunga, CA, USA). Isoflurane was supplied from a calibrated Fluotec 5 (Fluotec-Olmeda, Tewksbury, MA, USA) vaporizer, at a flow rate of 1-3 L/min oxygen (AstraZeneca, Madrid, Spain). For LFP recordings (Fig. 1A-C) and following the Paxinos and Watson atlas (2007) , animals (n = 12) were chronically implanted with two sets of recording electrodes (2.2 and 3.2 mm anterior to bregma and 0.6 mm lateral) aimed at the right PrL (3.5 mm from the surface) cortex. Electrodes were handmade from 50 µm, Teflon-coated, tungsten wire (Advent Research, Eynsham, UK). Each electrode set consisted of three tungsten wires with a separation between tips of  0.3 mm. The Teflon coat was removed from the first 200 µm of each cable tip for better wire surface exposure. A bare silver wire was affixed to the bone as ground. All J o u r n a l P r e -p r o o f the implanted wires were soldered to two four-pin sockets (RS Amidata) that were fixed to the skull with six small bone screws and dental cement.
Behavioral procedures
All experiments were carried out in a double Skinner box (Fig. 1A) customized by our team. Two adjacent Skinner modules measuring 29.2  24.1  21 cm each (MED Associates, St. Albans, VT, USA) were separated by a grille partition that allowed animals to see, hear, and smell each other and to have partial physical contact. Each box was equipped with a food dispenser from which pellets (Noyes formula P; 45 mg; Sandown Scientific, Hampton, England) could be delivered by pressing a lever. Before training, rats were handled daily for 10 days and food-deprived to 85% of their freefeeding weight. Once the goal weight was reached, rats were habituated to the test room during two 10-min free-exploration sessions in an empty Plexiglas box, different to the experimental box, and were then trained through the following three experimental phases ( Fig. 1D ):
During phase I, the two animals of a pair were placed separately in the adjacent Skinner boxes for 20 min and allowed to press the lever to individually obtain food pellets. A fixed-ratio (FR 1:1) schedule was followed until the established criterion was reached − that is, to press the lever ≥ 100 times/session for two consecutive days.
For phases II and III, a homemade plastic platform (6  6  4.5 cm) was introduced into each box. Platforms and levers were placed close to the dividing grille in order to facilitate mutual observation and social interaction between animals. Five infrared beams installed under the platform surface detected when rats were on it. In these two phases, the levers were deactivated until rats had remained on the platform for > 500 ms. Otherwise, the lever did not deliver food pellets. A led light located above the lever indicated its availability.
During phase II (individual task), the same animals were placed in pairs in the adjacent Skinner boxes, this time provided with the platforms. To obtain pellets, animals had to climb onto the platform individually. Once the infrared beams detected the animal on the platform for > 500 ms, the lever was activated, and the animal could press it once to obtain a pellet. Rats were trained daily until reaching the established criterion for this phase − that is, to climb onto the platform and to press the lever consecutively ≥ 60 times/session for at least 2 consecutive days.
J o u r n a l P r e -p r o o f During phase III (cooperative and simultaneous task), within the same set-up, animals had to climb and stay on their platforms simultaneously for > 500 ms to activate both levers, so they could press them to obtain a mutual reward. If either of the animals climbed onto the platform or pressed the lever on its own, it was considered a wrong trial and there would be no reward for either of them. Animals were trained daily until reaching the established criterion − that is, to climb simultaneously onto the platform and then press the lever to get the mutual reward ≥ 40 times/session for at least 2 consecutive days. Conditioning programs, LFP recordings, lever presses, platform climbs, and delivered reinforcements were monitored and recorded with a computer, using a MED-PC program (MED Associates). All operant sessions were recorded with the help of a video capture system (Sony HDR-SR12E, Tokyo, Japan) synchronized to the LFP recordings.
All room lights, except for a dim light, were switched off before each experimental session to improve the rats' comfort.
Histology
At the end of the experiments, rats were deeply re-anesthetized with a mixture of ketamine (100 mg/kg) and medetomidine (0.1 mg/kg) and perfused transcardially with saline and 4% paraformaldehyde in phosphate-buffered saline (PBS, 0.1 M, pH 7.4).
Brains were cryoprotected with 30% sucrose in PBS for a few days after which 50 µm coronal sections were obtained with a sliding freezing microtome (Leica SM2000R, Nussloch, Germany). Selected sections that included the implanted areas were mounted on gelatinized glass slides and stained using Nissl technique with 0.1% toluidine blue to reveal the final location of recording electrodes in the prefrontal cortex (Fig. 1C) .
Data collection, analysis and representations
Although 12 animals started the experiments, two of them did not finish the task for technical reasons (i.e., loss of the head socket) and another two because they did not learn the task. A total of 8 animals completed the three phases of the experiment successfully but one of the rats was discarded from the electrophysiological analysis due to the poor quality of the recordings, and thus its partner was removed too. In accordance, only data from successful pairs (n = 6 rats, n = 3 pairs) of animals were computed and analyzed. LFP activities were recorded using Grass P511 differential amplifiers with a bandwidth of 0.1 Hz -3 kHz (Grass-Telefactor, West Warwick, RI, J o u r n a l P r e -p r o o f USA). LFPs and one-volt rectangular pulses corresponding to lever presses, platform climbs, and pellet delivery, as well as video recordings, were stored digitally on a computer through analog-to-digital converters (CED 1201 Plus; Cambridge Electronics Design). LFPs were sampled at 5 kHz with an amplitude resolution of 16 bits.
For time-domain analyses, LFP epochs each lasting 1 s were selected from the last two experimental phases (individual and simultaneous), and experimental conditions (ON-and OFF-platform; leader and follower rat). This 1-second period was selected because of the unavailability of longer epochs in which rats stayed for more than one second on the platform in phase III. When rats stayed > 1 s on the platform, only the first second was selected for phase II, and the first simultaneous second for phase III. Analyses in the frequency domain were carried out according to the following frequency bands: delta (3-6 Hz), low theta (6-9 Hz), high theta (9-12 Hz), beta (12-32 Hz), and gamma (32-100 Hz). A high pass filter was applied to remove low-frequency Fig. 7M -P) were designed and developed by us using homemade programs (Remondes and Schuman, 2002; Jurado-Parras et al., 2013; Fernández-Lamo et al., 2016) written in the MATLAB platform (version 9.4, R2018a.
The MathWorks, Natick, MA, USA) and customized scripts of Chronux (Mitra and Bokil, 2008; Bokil et al., 2010) software (version 2.11, R2014. Website:
http://chronux.org/), respectively. A z-score data transformation was performed for all spectra obtained from the two animal groups (leader and follower rats) during both experimental phases (individual and simultaneous) and experimental conditions (ONand OFF-platform).
Probabilistic maps and their corresponding probability densities ( Fig. 7E-H,I -L, R-U) for the comparison of pairs of spectrograms (Fernández-Lamo et al., 2016) were also included in this study. The time-frequency analyses of LFP recordings and the multiple comparisons of the mean spectral powers (Figs. 3F, 4F , 5B,C, and 6F,G) recorded from different phases of the experiment (individual and simultaneous) and for different groups of animals (leaders and followers) were performed considering K = 5 J o u r n a l P r e -p r o o f tapers for each averaged spectrogram (Fig. 7A-D) . Spectrograms ( Fig. 7A-D 
In equation (1), the term ∆ ( ) represents the spectral power at frequency in time-window ∆ and the term ̅̅̅̅ ( ) is the average spectral power magnitude at frequency over all time-windows ranging in k. The parameter is the standard deviation of the spectral power at frequency . Similar definitions were adopted for describing the above terms and parameters at frequency .
The term cross-frequency "comodulation" generally denotes the interaction between specific features of two oscillations, such as amplitude and phase. Here, we focus on cross-frequency relationships between the amplitudes of pairs of oscillationsi.e., the amplitude-amplitude coupling in the time domain or the powerpower comodulation in the frequency domain; see Masimore et al., 2004) . Significant comodulation values (close to +1) were shown in brown, while the significant anticomodulation values (close to -1) were represented in blue (see comodulograms in Fig. 7M-P). In these plots, the diagonal has a value of 1 by definition. The upper triangle in each comodulogram is redundant with the corresponding lower triangle, but it has been included for convenience.
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Statistical analyses
Computed results were processed for statistical analysis using the customized minipackages of Chronux (Mitra and Bokil, 2008; Bokil et al., 2010) ANOVA F-test) and p-value, the "effect sizes" were indicated depending on Cohen's d
indices (Cohen, 1988) . The reports of Cohen's d value included 95% of the confidence interval (CI).
When the normality assumption was not verified, the significance (p-value) of the Chi-square (χ 2 ) was calculated using the ranks of the data rather than their numeric values. In addition, the H-statistic (one-way ANOVA on ranks between two groups) and the sample size of data were used to estimate the corresponding effect size index.
Finally, z-tests were used to compare categorical variables.
Data for quantification of animal performance in the Skinner boxes were analyzed offline using Spike 2 software (Cambridge Electronics Design) and statistically analyzed afterwards using Sigma Plot 11.0. Linear and nonlinear analyses of the data allowed us to report the correlation coefficient (r), the corresponding pvalue, and the fit equation parameters. Locomotor activities were analyzed offline with the help of the Tracker Video Analysis and the Modeling Tool (Brown, 2019) .
Unless otherwise indicated, data are represented by the mean ± SEM. For all the statistical tests, the significance level (p-value) is indicated. It is common to declare a result significant if the estimated p-value is < 0.05 (*), < 0.01 (**), or < 0.001 (***).
Results
Rats can learn complex instrumental tasks and work together in order to get a mutual reward
As described in Methods, a total of six rats were successfully trained in pairs in the adjacent Skinner boxes along three successive experimental phases (Fig. 1A,D) . During phase I, rats were trained to independently (regardless of their partner's behavior) press a lever to obtain a pellet of food at a fixed 1:1 ratio for up to 8 successive sessions. As During phase II, the same pairs of rats were trained to individually climb onto a platform to activate the lever, as indicated by a led light located over it ( Fig. 2A,C) .
Animals also improved their performance across the successive sessions, and all the animals reached the selected criterion by the 7th to the 9th training sessions. The increase in the number of lever presses after climbing the platform (correct responses) across sessions was best fitted by a sigmoid curve (r = 0.99, p < 0.0001; Fig. 2A ).
Focusing again on the performance of each animal, one rat of pair #1 (supplementary 
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In addition, the time that animals spent on the platform ( During phase III, rats had to climb onto their respective platform, and stay on it simultaneously for at least 500 ms, to activate the lever and provide them with a mutual reward if pressed. Rats also improved their performance in this phase, but − probably due to the increased difficulty of the task − they reached lower levels than during phase II (Fig. 2B) . Nevertheless, all the animals reached the selected criterion by the 8th to 10th training sessions. The number of lever presses for this cooperation phase was best fitted by a sigmoid curve (r = 0.94, p < 0.0001). No single animal analysis was performed for this phase as the requirement of the task was to match on the platform with the partner rat. Thus, both rats had to be on the platform to complete a correct trial and the performance of both rats in the pair is completely similar (supplementary Fig.
S1G-I and supplementary video).
In this case, there was an increase in the duration of platform climbs per session (Fig. 2D , in red), and the results were best fitted by an exponential growth curve (r = 0.9, p = 0.003). The response latency (Fig. 2E , in red) again progressively decreased as sessions advanced, but at a lower rate than during phase II, as rats were already familiar with the platforms in this phase. These data were best fitted by an exponential decay curve (r = 0.95, p < 0.0001).
The number of times that both rats synchronized their behavior in the platform (i.e., stayed simultaneously on it for ≥ 0.5 s) was also analyzed for both phases (II and III; Fig J o u r n a l P r e -p r o o f
As a whole, these results indicate that rats are capable of cooperating in an operant conditioning task to obtain a mutual reward.
Power spectra of delta and low theta bands from LFPs recorded in the PrL cortex increased during phases II (individual) and III (simultaneous) of the operant conditioning task
LFPs were recorded from the PrL area of the medial prefrontal cortex during phases II and III in all the experimental rats. Only LFPs collected from electrodes located in the PrL cortex were stored and analyzed (Fig. 1C) . For a detailed insight of oscillatory activities taking place in the PrL cortex during the exact moment when rats climbed onto the platform, LFP epochs were selected from recordings made during two different situations: "ON-platform" and "OFF-platform". "ON-platform" refers to the first second that the rats spent on the platform, and "OFF-platform" to one second of time in which rats were not on the platform, selected from LFPs recorded > 5 s before or after ON-platform periods. To control that during these "OFF-platform" periods the selected rat's behavior was equivalent to the "ON-platform" behavior, the moments in which rats were just getting down from the platform, eating, pressing the lever, running, or doing any other specific behavior (such as grooming, or rearing) were avoided (supplementary Fig. S2A ). Note that animals were not static when they were on the platform. Instead, they pass by walking, looking in different directions. For this reason, after moving 5 s before or after the platform, only trials during which the rat's behavior off the platform was aligned in velocity and position with the behavior on the platform were selected. To control this, locomotor activity, concretely head velocity, was analyzed for each rat during ON-and OFF-platform trials and non-significant differences were found between the velocity of the rats' heads for ON and OFF trials (supplementary Fig. S2B ).
These ON-/OFF-platform trials were selected during both II (Fig. 3) and III (Fig. 4) phases.
A quantitative analysis of the spectral powers of 1-second epochs selected from LFPs recorded from six rats during both ON-and OFF-platform situations in the individual phase are congruent with these observations. These analyses were carried out using the fast Fourier transform method. In Fig. 3B , the blue line represents the LFP averaged spectrum, while gray lines represent the spectra from the different selected LFP samples (NT = 300 trials) for the ON-platform situation. The fundamental peak for this situation (Fig. 3B , in blue) was found at a frequency of 4 Hz, and the same occurs for the OFF-platform situation (Fig. 3C, in red) . The inter-subject raster plot across trials and spectral analyses (supplementary Fig. S3A -H) allowed us to verify that the frequency of peak power for these bands was similar between animals. In the same way, the cross-frequency comodulogram technique (see supplementary Fig. S4 ) enabled us to corroborate that the lower and higher limits of each defined frequency band (see Material and Methods) were stable across the different phases of the experiment. In The same time-frequency analyses were performed for phase III. bands (Fig. 4D ). Rat's head velocity during ON-and OFF-platform trials selected was also compared for Phase III and non-significant differences were found either (supplementary Fig. S2C ).
In summary, the power of low-frequency bands (delta and low theta) increased when rats learned to climb onto the platform for both individual (phase II) and simultaneous (phase III) conditions when comparing the ON-platform vs. the OFFplatform periods, increasing even more (One Way ANOVA on Ranks, delta, H = 12.607 with 1 degrees of freedom; p < 0.001 and low theta, H = 24.571 with 1 degree of freedom; p < 0.001) during the simultaneous phase.
Rats adopted different strategies to synchronize their behavior in the simultaneous phase
During the simultaneous phase sessions, we observed that in all pairs, one rat (designated here leader) was the first to climb onto the platform most of the times, and even seemed to wait on the platform for the partner rat (designated here follower) to climb for each cooperation trial. We first re-analyzed the data to compare the performance and PrL activity of leading and follower rats during the individual phase, and no significant differences were found in the amount of time that rats spent on the For phase II (simultaneous), we quantified (from video recordings and one-volt rectangular pulses corresponding to platform climbs collected across all training sessions) for the three pairs of rats the exact number of times that they climbed onto the platform in first or second place during each cooperative trial. Although both, leaders and followers presented a similar number of platform climbs (either individual or synchronized climbs, (Fig. 6A) , leader rats climbed significantly more times in first place for each cooperation trial (i. e., platform climb synchronization) than follower ones for all sessions except the first two during the simultaneous phase (Fig. 6B , z-test; session 3, z = 3.149, p = 0.002; session 4, z = 3.288, p = 0.001; session 5, z = 3.401, p < 0.001; session 6, z = 1.003, p < 0.001; session 7, z = 4.960, p < 0.001; session 8, z = 6.240, p < 0.001; session 9, z = 5.156, p < 0.001; and session 10, z = 1.182, p< 0.001).
To assess the level of accuracy to which leader and follower rats were performing the simultaneous task, we computed the wrong trials for each group in comparison with the correct ones (Fig. 6C,D) . A wrong trial is considered when one rat climbed on the platform and went to press the lever to obtain the reward without synchronizing its behavior with the partner rat (i.e., acting individually). Cooperation trials were considered correct when a rat went to the lever to obtain the reward after J o u r n a l P r e -p r o o f synchronizing their behavior with the partner rat (see Fig. 2B ). Leader rats also performed significantly less wrong trials than follower rats (Fig. 6C ) on the last four sessions of the simultaneous phase (z-test, session 6, z = 2.543, p = 0.011; session 7, z = 2.481, p = 0.013; session 8, z = 4.046, p < 0.001; session 9, z = 5.820, p < 0.001; and session 10 = 4.909, p < 0.001). A linear analysis showed an inverse correlation of wrong trials for both groups when contrasted to the correct ones (Fig. 6D , r = -0.932; p < 0.0001 for leaders and r = -0.883; p = 0.0007 for follower rats), but leader rats showed a bigger decrease in the number of wrong trials (slope = -4.620; p < 0.0001 and intercept = 53.004; p < 0.0001) than the follower rats (slope = -1.832; p < 0.0001 and intercept = 49.177; p = 0.0007).
Moreover, while in phase II (i.e., individual; Fig. 5A ) both groups of rats spent a similar amount of time on the platform, there was a significant increase in the time that leader rats spent on the platform for sessions 4, 9, and 10 (One Way ANOVA on Ranks, session 4, H = 4.612 with 1 degree of freedom, p = 0.032; session 8, H = 3.906 with 1 degree of freedom, p = 0. 048; and session 9, H = 9.135 with 1 degree of freedom, p = 0.003) in phase III (i.e., simultaneous; Fig. 6E ).
Leader rats presented higher power in low-frequency bands than follower rats during phase III (simultaneous operant task)
Spectral analysis performed during the simultaneous phase (Fig. 6F,G (Fig. 5B,C) . Although leader rats climbed to the platform in first place for most of the cooperation trials (Fig 6B) , there were trials in which the leader rats were not the first to jump to the platform. These trials have not been included in the spectral analysis to control that, in all the cooperation trials analyzed here, the leader rats were behaving like leaders. The same procedure was used for the followers, controlling the trials in which followers were not climbing in second place.
For further exploration of these results, dynamic analyses of spectral powers computed for PrL LFPs (1-second epochs with shifted increments of 10 ms) were selected from leader and follower rats during the first second on the platform, and then multi-tapered Fourier transforms (see Methods) were calculated. follower rats during both experimental phases. For the multiple comparisons of the differences in the mean spectral powers between the spectrograms corresponding to leader and follower groups of rats during the different experimental phases, probabilistic maps and their corresponding probability density histograms ( Fig. 7E -H,I-L,R-U) were generated. During phase III (simultaneous; Fig. 7B ), leader rats presented higher spectral power values in the lower-frequency bands (3-6 Hz and 6-9 Hz) than they did during phase II (individual; Fig. 7A ), and, also, than follower rats during their phase II and III (individual, Fig.7C , simultaneous, Fig. 7D , respectively).
The probabilistic maps and their corresponding probability density histograms Results show that the spectral powers from leader rats during the simultaneous phase ( Fig. 7B) were significantly higher [jackknifed estimates of the variance, p < 0.05, predominant values represented with blue ( Fig. 7F ) and brown ( Fig. 7L ) bars] than the spectral powers for leaders in phase II (individual; Fig. 7E -F) and followers in phase III (simultaneous; Fig. 7J-L) . Similarly, in Fig. 7C -D, the illustrated spectrograms show that follower rats presented no significant changes (predominant green areas with < 50% of probability density, inferences of type 0, p > 0. 05) in the spectral powers of J o u r n a l P r e -p r o o f their LFP activities across the different experimental phases, as is supported by the illustrated probabilistic map (Fig. 7G-H) . In summary, the need for cooperation notably increased the power of low-frequency bands in rats taking on the initiative to jump onto the platform vs. the ones following them.
In addition, to evaluate the possibility of interactions between oscillators at different frequencies from PrL LFPs during the experimental task, spectral comodulation analyses were performed. In particular, the power-power comodulation index between delta and theta frequency bands was calculated for individual and simultaneous phases of both leader and follower rats ( Fig. 7M-P) . Comodulograms showed a significant anti-comodulation (negative values of the comodulation index) between delta and theta frequency bands during the task in both phases for leader rats 7.69; i.e., there were statistical significant differences between the calculated delta-theta comodulation indices, p < 0.05]. Therefore, delta oscillation from PrL LFPs of follower rats modulated low-theta amplitude, but this comodulation was determined by relatively low spectral powers in any of the phases during the cooperation task. However, for PrL
LFPs from leader rats, the spectral predominance of a single oscillator corresponding to a biologically generated fundamental frequency in the delta band, without any significant cross-frequency (delta-theta) comodulation, reflects a prominent slow activity in the PrL cortex during the simultaneous phase that could have a cognitive relevance for the proper performance of the cooperation task.
Finally, to further verify the above findings, 3-second epochs of PrL LFPs were selected (Fig. 7Q) , where the first two seconds were time windows in which the leader rat was still alone on the platform (t1 and t2 epochs in Fig. 7Q ), while the last second defined the time window in which the two rats (leader and follower) matched on the platform (simultaneous phase, t3 epoch in Fig. 7Q ). Interestingly, results suggested again that spectral powers of PrL LFPs from leader rats collected during the simultaneous phase (t3 epoch in Fig. 7Q ) were significantly higher [jackknifed estimates of the variance, p < 0.05, predominant values represented with blue bars (Fig. 7R-U)] than those collected from the same leader rats from t1 and t2 epochs (ANOVA F-test; Fig. 7T, F(2, 165) = 429.12; Fig. 7U, F(2, 165) = 299.11, probability density (blue bars) > 50%)namely, when the leader rat climbed on the platform but was still not corresponded by the follower to complete the cooperation trial.
Discussion
General remarks
According to the present results, laboratory rats are capable (both individually and in pairs) of carrying out complex instrumental tasks to obtain a food reward. Firstly, they
were individually trained in a conventional Skinner box to press a lever to obtain a pellet of food (phase I). Afterwards, they were trained to jump onto a platform before being rewarded when pressing the lever (phase II). In these two situations, the rats could observe each other but they did not synchronize their respective performances.
Interestingly, during phase III of the experiment, rats learned to jump onto the platform and to remain there > 0.5 s simultaneously, showing that rats can synchronize their behavior to achieve a common goal when required by the experimental design. In addition, and according to Boesch and Boesch (1989) , this is a representative case not only of coordinated (both carry out exactly the same motor sequences), but also of collaborative (actions complementary to those of the partner) behaviors (Wang et al., 2018) . Indeed, in the present experiments, one rat of each pair took in advance the decision of jumping onto the platform and waiting there until being followed by its congener, facilitating the synchronization between them. We have also shown here that LFPs recorded in the PrL cortex are modulated and significantly related to the individual and cooperative behaviors carried out by the experimental rats. When performing the selected task individually, rats presented a significant increase in the spectral power of delta and theta bands during the period that they remained on the platform, as compared with the spectral power of LFPs recorded when located off the platformi.e., on the box grid floor. During the social period, rats presented a higher increase in power for delta and low theta bands when jointly located on the platforms, J o u r n a l P r e -p r o o f but leader rats always presented these dominant slow waves with a stronger power than the follower ones.
Functional basis of social cooperation in rats
There is a minimum of cognitive abilities required for cooperation (Schuster and Perelberg, 2004; Viana et al., 2010; Łopuch and Popik, 2011; Floresco, 2013) , including individual recognition, communication, and cognitive flexibility. Lorenz (1935) suggested that, for proper cooperation, animals should recruit relevant information about another animal's behavior and about the whole group. According to Schuster and Perelberg (2004) , rats are social animals that possess these cognitive skills. Several studies have already shown that rats behave prosocially toward other rats (Daniel, 1942; Schuster and Perelberg, 2004; Rutte and Taborsky, 2007; Ben-Ami Bartal et al., 2011; Sato et al., 2015) ; for example, they are more prone to obtain mutual rewards than to receive a reward only for themselves (Hernandez-Lallement et al., 2015; Márquez et al., 2015) . To improve cooperation behavior between our rats, we allowed sight, sound communication, and partial physical contact between the two compartments across the dividing metal grille. Besides, we chose the Lister Hooded strain because pigmented rats are reported to have better sight than albino ones (Prusky et al., 2002) . We performed the experiments in a dim light to improve the rats' comfort (Calhoun, 1963) .
We used a green platform because Lister Hooded rats have their retina cones tuned to this color (Szél and Röhlich, 1992; Burn, 2008) .
Cooperation behavior and decision-making processes can also be modulated by the level of familiarity with the other individual (Granroth-Wilding and Magurran, 2013), sex, strain, and housing conditions (Schuster et al., 1982; Swanson and Schuster, 1987; Ben-Ami Bartal et al., 2011) . In those studies, male rats were reported to cooperate only if housed collectively and to have impaired responses of cooperation if housed isolated. For these reasons, we decided to house animals in pairs from one month before and until the end of the experiments.
We also observed that cooperation activities were not conducted equally by the two rats at the behavioral level, but instead each animal adopted different strategies for getting the same goal. As illustrated in Fig. 8 , for all experimental pairs, one rat adopted what we called a leader role, climbing onto the platform in first place during cooperation trials significantly more times than the partner, which we called the follower one. Leader rats also waited longer on the platform during the simultaneous J o u r n a l P r e -p r o o f phase than during the individual phase, because in the latter case they did not need to wait for their partners, and 0.5 s was enough to get the reward, while the follower rat did not increase the time waiting on the platform in the simultaneous phase. Besides, leader rats performed the simultaneous task with a greater level of accuracy than follower ones, doing fewer wrong trials, which may indicate that they were more aware of the need of synchronization with the partner rat. In contrast, the follower ones did not change their strategy after the individual phase, but just kept climbing and going to the lever to get the reward without adjusting their behavior to their partner and doing more wrong trials. Once one rat becomes the leader of the couple and waits on the platform the amount of time needed until the partner climbs, the follower rat does not need to wait anymore, as at the very time it reaches the platform the cooperation trial is completed.
Role of the PrL cortex in cooperative behaviors
Under the premise of two rats working together to reach a common goal, our first hypothesis was that both animals should show similar electrical activities in their respective PrL cortices while doing the same task. Years ago, it was shown that spatiotemporal activity patterns of rat cortical neurons can predict the expected response in a conditioned task (Villa et al., 1999) . In addition, it has been demonstrated that the mPFC and, particularly, the unitary firing of rat PrL neurons are activated during approaching and contact behaviors in paired rats (Minami et al., 2017) and that this increase in firing activities is significantly larger in mice when approaching an unfamiliar congener, but not when recognizing an inanimate object (Lee et al., 2016) . In accordance with these previous studies, the most significant finding of our study is that social and/or cooperative behaviors (Boesch and Boesch, 1989) Both groups of rats, leaders and followers, showed an increased spectral power for delta and theta bands in recordings from the PrL cortex for the moment that they were on the platform. A 4-6 Hz activity has also been reported in rats just before approaching the feeder to collect and eat the pellet of food, which may indicate some J o u r n a l P r e -p r o o f sort of expectancy activity (Hernández-González et al., 2017) . The presence of 4-Hz oscillations in the dorsal part of the mPFC has also been observed during fear behavior (Karalis et al., 2016) and, apparently, helps to synchronize the activities between prefrontal, hippocampal, and ventral tegmental areas (Fujisawa and Buzsáki, 2011) .
Given the diversity of situations and conditions in which these low-frequency oscillations are present in the mPFC, we can assume that, in general, they are related to cognitive processes taking place in this structure. Apart from visual and somatosensory cues, it is possible that in our experimental design rats may communicate their emotional states through ultrasonic vocalizations (Brudzynski, 2013) . Those vocalizations might trigger the activation of mesolimbic cholinergic and dopaminergic pathways, as a potential source of the observed synchronization of local field potentials recorded in the PrL of each pair of rats.
According to Mendres and De Waal (2000) , it is unclear whether the completion of the required task could be considered due to cooperation behavior or by the mere cooccurrence of (in our case) platform climbs of both rats. However, Chalmeau et al. (1997) reported that some individuals learn to wait for the partner's presence before trying the task required for cooperation, implying that the leader rat recognizes that the partner's participation is required for the completion of the task. Moreover, they claimed that the subject would increase the number of times the task is performed, adjusting its behavior to the partner's actions, as happened with the rats in this study. In this regard, it can be suggested that only the leader rat performed the cooperation task properly and that the increase in spectral power of the slow activity in the PrL cortex during the simultaneous phase could have a cognitive significance.
Conclusions
The present results further support previous findings describing rats as social and cooperative animals, as well as providing information on the important role of the PrL cortex in cooperative behaviors. Our experimental approach could help to shed light on human pathologies involving social interaction impairments, such as autism disorders and schizophrenia (Lord et al., 2000; Insel et al., 2004) .
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J o u r n a l P r e -p r o o f phase I, animals were trained to press a lever with a fixed-ratio (1:1) schedule. In phase II, animals were trained individually to climb onto a platform to get access to the lever.
In phase III, animals were trained to climb onto the platforms and to stay on it simultaneously to access their corresponding levers to get a reward. The number of experimental sessions (20 min each) is indicated below.
J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f acquired from three pairs of rats when they were simultaneously ON their platforms.
Gray curves represent the spectra of single trials, while the blue curve is the averaged spectrum. C, Spectral power for LFPs of 1-second epochs (z-score, NT = 300) acquired when the rats were OFF the platform during the simultaneous task sessions. Gray curves represent the spectra of single trials, while the red curve is the averaged spectrum. D,
Histogram and multiple comparisons for mean spectral powers (z-score) for selected frequency bands. The spectral power was significantly higher for the ON-platform condition for the delta (, 3-6 Hz) [F(1, 598) = 77.67; p < 0.0001] and low theta (L, 6-9 Hz) [F(1, 598) = 17.97; p < 0.0001] bands. Non-significant differences were observed between the two conditions (ON and OFF) for the high theta (H, 9-12 Hz), beta (β, 12-32 Hz), and gamma (, 32-100 Hz) bands.
J o u r n a l P r e -p r o o f J o u r n a l P r e -p r o o f of leader and follower rats. Leader rats are indicated in green and follower ones in purple. Note that there were no significant differences in the total number of platform climbs for both groups. B, Total number of times that leader and follower rats climbed in first place onto the platform during the simultaneous phase. Note that although the total number of platform climbs represented in A is similar for leader and follower animals, the leader rat climbed onto the platform in first place significantly more times for sessions 3-10 (session 3, p = 0.002; session 4, p = 0.001; sessions 5-10, p < 0.001).
C, Average number of wrong trials for leader and follower rats. Leader rats showed significantly fewer wrong trials on the last five sessions (session 6, p = 0.011; session 7, p = 0.013; sessions 8-10, p < 0.001). D, A linear analysis of wrong and correct trials for leader and follower rats. Note there is an inverse correlation of wrong trials for both groups when contrasted to the correct ones (r = -0.932; p < 0.0001 for leader and r = -0.883; p < 0.001 for follower rats), but leader rats showed a bigger decrease in the number of wrong trials (slope = -4.620; p < 0.0001) than the follower rats (slope = - J o u r n a l P r e -p r o o f Figs. 6, 7, and supplementary S2D-I. Data for all variables has been normalized with respect to their maximum value to be represented together. Note that, although both leader and follower rats moved at a similar velocity, travelled the same distance and J o u r n a l P r e -p r o o f
